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The GLH proteins belong to a family of four germline RNA helicases in Caenorhabditis elegans. These putative
ATP-dependent enzymes localize to the P granules, which are nonmembranous complexes of protein and RNA exclusively
found in the cytoplasm of all C. elegans germ cells and germ cell precursors. To determine what proteins the GLHs bind,
C. elegans cDNA libraries were screened by the yeast two-hybrid method, using GLHs as bait. Three interacting proteins,
CSN-5, KGB-1, and ZYX-1, were identified and further characterized. GST pull-down assays independently established that
these proteins bind GLHs. CSN-5 is closely related to the subunit 5 protein of COP9 signalosomes, conserved multiprotein
complexes of plants and animals. RNA interference (RNAi) with csn-5 results in sterile worms with small gonads and no
oocytes, a defect essentially identical to that produced by RNAi with a combination of glh-1 and glh-4. KGB-1 is a putative
JNK MAP kinase that GLHs bind. A kgb-1 deletion strain has a temperature-sensitive, sterile phenotype characterized by
the absence of mature oocytes and the presence of trapped, immature oocytes that have undergone endoreplication. ZYX-1
is a LIM domain protein most like vertebrate Zyxin, a cytoskeletal adaptor protein. In C. elegans, while zyx-1 appears to
be a single copy gene, neither RNAi depletion nor a zyx-1 deletion strain results in an obvious phenotype. These three
conserved proteins are the first members in each of their families reported to associate with germline helicases. Similar to
the loss of GLH-1 and GLH-4, loss of either CSN-5 or KGB-1 causes oogenesis to cease, but does not affect the initial
assembly of P granules. © 2002 Elsevier Science (USA)
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The germline is responsible for carrying on the species;
without a germline, sexually reproducing organisms would
not exist. Many genes have been shown to be responsible
for the development of the germ tissue in Caenorhabditis
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All rights reserved.elegans (reviewed by Seydoux and Schedl, 2001). Among
these are genes encoding P-granule components. P granules
are aggregates of RNA and protein found surrounding the
nuclei of C. elegans germ cells and germ cell precursors; it
is not known how P granules function. The four GLH
proteins are constitutive P-granule components (Gruidl et
al., 1996; Kuznicki et al., 2000). GLHs belong to the
DEAD-box family of RNA helicases with homology to the
Drosophila melanogaster germ granule component Vasa
(VAS) (Lasko and Ashburner, 1988; Hay et al., 1988). How-
ever, GLH proteins differ from the germline RNA helicases
of insects and vertebrates because they also contain CCHC
zinc fingers. The GLH zinc fingers are similar to those
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found in the nucleocapsid proteins of retroviruses (South
and Summers, 1993) and in the Drosophila Nanos (NOS)
protein (Arrizabalaga and Lehmann, 1999).
The glh genes are essential for fertility. Double-stranded
RNA interference (RNAi) with a combination of glh-1 and
glh-4 results in adult sterility characterized by cellular
arrest in meiosis. The glh-1/4(RNAi) worms have small
gonads and no oocytes, although nonfunctional sperm are
produced (Kuznicki et al., 2000). Additionally, it has been
shown that the loss of glh-1 and glh-2 by RNAi disrupts
P-granule structure as detected by transmission electron
microscopy (Schisa et al., 2001). These experiments pointed
to the importance of the GLHs in germ cells, but did not
address the interactions between the GLHs and other pro-
teins.
To determine what partners the GLH proteins bind, we
performed a yeast two-hybrid screen (Fields and Song,
1989). From this screen, we recovered three proteins, each a
member of a conserved protein family: CSN-5, a signalo-
some subunit protein of the COP9/JAB1 family; KGB-1, a
novel serine/threonine kinase similar to MAP kinases; and
ZYX-1, the C. elegans Zyxin homologue. The proteins
CSN-5, KGB-1, and ZYX-1 are the first members in their
families reported to associate with germline RNA helicases.
This report establishes that the GLH-binding partners
CSN-5 and KGB-1 are critical for meiotic germline devel-
opment and suggests that GLHs and these interactors share
postmitotic germline functions.
MATERIALS AND METHODS
Nomenclature
Gene names have been given to the genes identified by the
following ACeDB (A C. elegans Data Base) cosmid identifiers: csn-5
for B0547.1 (LGIV: chromosome IV), kgb-1 for T07A9.3 (LGIV), and
zyx-1 for F42G4.3 (LGII).
Strains
N2 variety Bristol nematodes were used unless stated otherwise.
Worms were grown at 15, 20, 25, and 26°C by using standard
techniques (Brenner, 1974). (C. elegans is ideally grown at 20°C;
growth at 25–26°C is used to reveal temperature-sensitive effects.)
For analysis of germline expression, the temperature-sensitive
strains glp-1(q231) (Austin and Kimble, 1987) and glp-4(bn2)
(Beanan and Strome, 1992) were used; in addition, the following
marked strains were employed in this study: unc42(cb270),
unc24(cb138), and dpy13(cb184). The deletion strains kgb-1(um3)
and zyx-1(um4) were generated in our laboratory; for convenience,
these mutant strains are referred to as kgb-1and zyx-1.
Cloning Genes into Baculoviral Vectors
Identification and cloning of glh-1, glh-2, glh-3, and glh-4 (Gen-
Bank Accession Nos. L19948, U60194, AF079509, and AF079508)
have been previously described (Roussell and Bennett, 1993; Gruidl
et al., 1996; Kuznicki et al., 2000). Figure 1 shows the pFASTbac1
clones constructed. The plasmid was modified to contain either
6-HIS or GST tags. Details of the cloning and primers used to create
the restriction sites are described (Smith, 2001). The resulting
transfer vectors were used to make recombinant baculovirus ac-
cording to the manufacturer’s (BRL) instructions using High Five
cells.
Two-Hybrid Library Screening and Directed
Assays
All glh cDNAs described in Fig. 1 were cloned both into pAS1
and pACTII yeast two-hybrid shuttle vectors using NdeI and XhoI
for pAS1 and NcoI and XhoI for pACTII. Yeast transformations and
matings were as described (Ramaswamy et al., 1998). Library
screening was performed with the RNA helicase region of GLH-1,
as a representative GLH helicase region, and with the full-length
GLH-3 protein in the pAS1 vector. A pAD-GAL4 random-primed
C. elegans cDNA and a -ACT-RB2 random-primed C. elegans
library were used, following protocols described (Elledge et al.,
1991). Briefly, Y190B yeast containing the pAS1-glh-3 or pAS1-
glh-1 helicase region plasmids were transformed with one of the
two libraries and plated on –trp –leu –his synthetic medium
containing 50 mM 3-aminotriazole. The cDNA-containing plas-
mids extracted from blue colonies were subsequently retrans-
formed into yeast containing pAS1-glh-3, pAS1-glh-1, or pAS1-p53
to verify the interaction. In all, 1.5  106 transformants were
screened. A total of 150 potential interactors were tested with
HaeIII, EcoRI, and XhoI; those with unique restriction patterns
were sequenced. Reporter (lacZ) expression was assayed, using an
o-nitrophenyl--D-galactoside (ONPG) substrate, as described (Ra-
maswamy et al., 1998).
GST Pull-Down Experiments
High Five cells were coinfected with a GST-tagged recombinant
virus and a 6-HIS-tagged recombinant virus coding for the relevant
proteins. After 3 days, cells (2.5 ml) were harvested, washed, and
lysed in 2 ml of 1 PBS containing 1% Triton X-100, 1 Complete
Protease Inhibitor (Boehringer Mannheim), and 1 mM PMSF.
Extracts were freeze-thawed to enhance lysis. For each pull-down,
extracts (800 l) were centrifuged, removing insoluble material.
The supernatant was incubated with 35 l glutathione–agarose
beads (Clontech) that had been preblocked in 1.5% BSA for 2 h at
4°C. The beads were then washed four times with PBS containing
0.5% Triton X-100. Proteins were eluted in 250 l of 50 mM Tris,
pH 10.3, with 10 mg/ml reduced glutathione. Eluted proteins were
analyzed by SDS–PAGE, followed by Western blotting using His
at 1:4000 dilution and GST primary antibodies at 1:2000 dilution
(Santa Cruz Biotech) and goat anti-rabbit HRP-conjugated second-
ary antibodies (Southern Biotech) at 1:10,000. All antibodies were
diluted in PBS. Proteins were visualized after Western blotting by
using Supersignal West Pico chemiluminescence (Pierce). For
CSN-5 pull-downs with whole-worm homogenates, the protocol
was similar, except that the homogenates were treated as in Amiri
et al. (2001). Worm homogenate (2 ml) was incubated at 4°C
overnight with 500 l lysate from infected GST-CSN-5, GST-alone
or uninfected cells; 200 l of glutathione–agarose beads were then
added for 4 h before washes and elution.
Northern Blot Analysis
The cDNA for csn-5 was obtained as a XhoI restriction fragment
from the pACT vector. A 32P-radiolabeled probe was generated by
334 Smith et al.
© 2002 Elsevier Science (USA). All rights reserved.
random priming (Feinberg and Vogelstein, 1983). Poly (A) RNAs
isolated from the strains glp-1(q231) and glp-4(bn2) were tested,
with conditions as described in Roussell and Bennett (1993).
Protein Analyses: Antibody Production, Western
Blot Analyses, and Immunocytochemistry
Polyclonal antibodies against CSN-5 were generated in mice
immunized with full-length CSN-5 fusion protein expressed in
Escherichia coli. Antibodies were affinity purified against
baculoviral-produced CSN-5 protein bound to nitrocellulose and
eluted using 5 M KI, 10 mM Tris–HCl, pH 7.5, and 0.01% BSA.
Western blot analyses were done as described (Gruidl et al., 1996)
with N2 protein homogenates, using HRP-conjugated goat anti-
mouse or goat anti-rabbit secondary antibodies (Southern Biotech-
nology Associates). Protocols for immunocytochemistry were as
described (Strome and Wood, 1983) with fixations of 10–15 min in
methanol at 20°C followed by 10–15 min in acetone at 20°C.
Primary antibodies were diluted 1:25 for affinity-purified CSN-5
and 1:1000–1:5000 for the others. Secondary antibodies conjugated
to Alexa Fluor 488, 546, and 568 (Molecular Probes) were diluted
1:3000. Images were collected by a SPOT-2 CCD camera from a
Zeiss Axioplan microscope and were processed in Adobe Photo-
shop. Confocal images were collected by using an Olympus IX70
microscope coupled to a BioRad 2000 confocal system at the UMC
Cytology Core Facility.
RNA Interference
Double-stranded RNA interference (RNAi) was performed as
described in Kuznicki et al. (2000). dsRNA was generated from
templates by PCR from each of the following primer sets to which
T7 polymerase promoter sites had been added: csn-5, 5-
ACCACTACAATGGATG-3 and 5-GTTTTTCAGTATCTACG-
3; kgb-1, 5-ATGCACTGCGGATCTGGGAG-3 and 5-TC-
CAGTGAAAATG-3; zyx-1, 5-ATGAATCAGATCT-3 and 5-
CACGCGGAGCCGG-3.
Isolation of kgb-1 and zyx-1 Deletion Strains
To induce deletion mutations, L4 (fourth larval stage) hermaph-
rodites were treated with 30 g/ml trimethylpsoralen and exposed
to 340 W/cm2 of UV light as described (Yandell et al., 1994). A
detailed protocol for generating deletion strains is at http://
elegans.bcgsc.bc.ca/knockout.shtml. For each library, 500,000
offspring from mutagenized animals were cultured on 960 60-mm
plates. After 1 generation, DNA was prepared from each plate, and
populations were pooled into 96 samples. PCR identified animals
carrying deletions in kgb-1 or zyx-1. Primers were: kgb-1, 5-A-
GTAACAACGCAACGTGTGGC-3 with 5-GTGACAGAACAC-
AACTGAAAG-3 (outer) followed by a nested reaction with
5-ATAATCCGTCTACTAAACGCG-3 and 5-GAAAATGTCG-
TGGTCGGCTTG-3 (inner). For zyx-1, outer primers were
5-AATTCCTGCAGAGATATGAGC-3 with 5-TTGTGAGTC-
GGCGATAACCG-3, followed by inner primers 5-TTTGCAT-
CAACGCTGTAGAAG-3 and 5-CGACACCTCACTGGCACG-
C-3. When a deletion was detected and confirmed, populations
carrying it were subdivided until a strain was obtained originating
from a single worm. Eleven libraries were screened to find these 2
deletions. Deletion end points were determined by sequencing PCR
products spanning the region. Strains were out-crossed at least 6
times with N2 males before further characterization.
RESULTS
GLH-Interacting Proteins Include a COP9 Subunit
5 Homologue, a Putative MAP Kinase, and a LIM
Domain, Zyxin-Like Protein
To identify proteins that associate with GLHs, GLH-3
and the RNA helicase region of GLH-1 (Fig. 1) were each
used as bait in yeast two-hybrid screens (Fields and Song,
1989) of two C. elegans cDNA libraries. Clones encoding
three C. elegans proteins were isolated: CSN-5, KGB-1, and
ZYX-1. These three proteins each contain conserved do-
mains as detected by NCBI Blast searches of the Conserved
Domain Database (CDD) (http://www.ncbi.nlm.nih.gov/
BLAST/) and peptide searches of MOTIF (http://www.motif.
genome.ad.jp/) (Fig. 2). Each belongs to an established
protein family whose members have known functions.
Associations of the proteins with the full-length GLH-3 and
the partial GLH-1 were quantitated with ONPG colorimet-
ric -galactosidase assays (Fig. 3). In this assay, GLH-3
bound to CSN-5, KGB-1, and ZXY-1, resulting in 60-fold
higher levels of expression than to the negative control,
p53. The interactions between GLH-3 and CSN-5, KGB-1,
or ZYX-1 were assayed at levels up to 6 times stronger than
those of the positive control, yeast proteins SNF1 and SNF4
(Ramaswamy et al., 1998).
An additional method, the GST pull-down assay, was
used to confirm that CSN-5, KGB-1, and ZYX-1 physically
interact with the GLHs. GST pull-down assays were per-
formed on insect cell lysates from High Five cells coin-
fected with recombinant baculoviruses that contained
genes for a GLH protein and a putative interacting protein,
one tagged with GST and the other with a six-histidine
sequence (Fig. 4). Pull-down assays with CSN-5-GST-tagged
protein and GLH-6-HIS-tagged proteins showed that CSN-5
bound GLH-1–6-HIS and GLH-3–6-HIS (Fig. 4A, lanes 2 and
3). Pull-down assays with KGB-1-GST-tagged protein and
GLH-6-HIS-tagged proteins showed that KGB-1 bound each
of the full-length GLH proteins tested (Fig. 4B, lanes 1, 3,
and 6) and the GLH helicase-region fusion proteins (Fig. 4B,
lanes 4 and 7), but not the GLH-1 or GLH-3 N-terminal
protein regions (Fig. 4B, lanes 2 and 5). The ZYX-1 protein
was detected by 6-HIS antibodies after pull-down with
either GLH-1-GST or GLH-3-GST (Fig. 4C, lanes 2–3),
while the negative control of GST alone did not pull down
ZYX-1 (Fig. 4C, lane 1). We also tested whether the GLHs
bind themselves and one another (Fig. 4D). In each case
tested, they did. GLH-1 self associates (Fig. 4D, lane 1) as
does GLH-3 (Fig. 4D, lane 5) and GLH-2 (Fig. 4D, lane 7);
GLH-1 and GLH-3 bind one another (Fig. 4D, lanes 2 and 4).
The binding of GLH-3 to KGB-1 was used as a positive
control in this series (Fig. 4D, lane 6). The negative controls,
eGFP (enhanced green fluorescent protein) and GST-alone,
did not bind any of the tested proteins (Fig. 4A, lane 1; Fig.
4B, lane 8; Fig. 4C, lane 1; Fig. 4D, lane 3; and data not
shown). Therefore, the GST pull-down experiments con-
firmed by a method independent of the yeast two-hybrid
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FIG. 1. glh cDNAs cloned into the pFastBac1 vector. Various full-length and partial glh cDNAs were cloned into the pFastBac1 vector
using the restriction sites shown for each. The numbers give the amino acid location overlapping the restriction sites, based on the
full-length protein. All constructs containing N-terminal, glycine repeats caused autoactivation in these GAL4-based two-hybrid assays and
were therefore not suitable; the two cDNAs with asterisks did not autoactivate and were used to screen the cDNA libraries.
FIG. 2. The genomic organization and the predicted protein structures of three C. elegans proteins that interact with the GLH proteins.
Domains of CSN-5 (cosmid B0547.1), KGB-1 (T07A9.3), and of ZYX-1a and ZYX-1b (F42G4.3) are shown. (A) The CSN-5 sequence shows
regions of identity to the JAB/MPN signature found in JAB1-related proteins, as well as to the Mov34 group members found in proteosomes
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assays that the tested GLH proteins physically interact
with CSN-5, KGB-1, and ZYX-1 and also established that
the GLH proteins interact with one another in vitro. Since
CSN-5, KGB-1, and ZYX-1 bind multiple GLH proteins in
GST assays, it is likely that the conserved helicase region,
shared by the GLHs, is important for binding these inter-
actors. In the following sections, these three GLH-binding
partners will be described.
C. elegans CSN-5: A COP9/JAB1 Signalosome
Protein
Three independent clones of C. elegans csn-5 were iso-
lated. C. elegans csn-5 encodes a protein similar to subunit
5 of the COP9 complex and mammalian JAB1 protein (Wei
et al., 1998). The COP9/JAB1 signalosome is a conserved
protein complex found in plants and animals (Wei and
Deng, 1999). In Arabidopsis, the COP9 signalosome, which
is also called CSN, was first described as shifting from the
cytoplasm to the nucleus in response to light, resulting in
modulation of gene expression (Chamovitz et al., 1996),
with CSN “mainly in or close to the nucleus” (Chamovitz
and Glickman, 2002).
Northern blot analysis using a csn-5 probe with RNA
from the temperature-sensitive, germline-defective strain
glp-1 showed that the csn-5 message is present both in
somatic and germline tissue. However, csn-5 mRNA is
germline-enhanced, somewhat stronger at 15°C, when the
FIG. 3. ONPG colorimetric, -galactosidase assays of GLH-3 and GLH-1 C terminus-interacting proteins. The positive control used was
SNF1 with SNF4, two proteins known to bind in yeast (Ramaswamy et al., 1998). The interaction of p53 with each of the proteins tested
was used as a negative control. -Galactosidase activities are expressed as Miller units (absorbance at 420 nm  1000/absorbance at 600
nm  culture volume  time of reaction in minutes; Miller, 1972). These colorimetric assays were incubated for 16 h. Standard deviations
are represented by T bars.
and in the eIF-3 translation complex. (B) The S/T kinase domain of KGB-1 is shown (red) with the deleted peptide sequence resulting from
the kgb-1(um3) mutation outlined. The deletion occurs in two introns; therefore, the reading frame may be unaffected and a small protein
may be translated. (C) The C-terminal peptide sequence (red) shared by ZYX-1a and ZYX-1b contains three LIM domains (red); the ZYX-1a
N-terminal sequence (green) is proline-rich; a predicted nuclear export signal (purple) separates the N- and C-terminal domains. The deleted
peptide sequence resulting from the zyx-1(um 4) mutation is outlined; the 1475-bp deletion eliminates exons 7–9 and results in a likely
protein null.
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germline is present, than at 25°C, when the germline is
almost completely absent in the glp mutant strain (Fig. 5A).
Supporting this indication, a global microarray study re-
ported that csn-5 germline expression is approximately six
times higher than somatic expression (Reinke et al., 2000).
In a C. elegans gene expression map, csn-5 is coexpressed
with glh-3 and other germline-enhanced genes (Kim et al.,
2001).
As a third means to verify the association of CSN-5 with
GLH protein, GST-tagged CSN-5 was used in pull-down
assays with total worm homogenates. CSN-5 binds endog-
enous GLH-1 protein in these pull downs, although most
GLH-1 is not bound to CSN-5 (Fig. 5B, lanes 1 and 4). By
Western blot analyses, CSN antibodies generated in mice
against the full-length CSN-5 protein recognize a C. elegans
protein of 41 kDa, the predicted size of CSN-5 (Fig. 5C,
lane 2). To determine the localization pattern for CSN-5
protein in C. elegans, immunocytochemistry with affinity-
purified CSN-5 antibodies was carried out. (For orienta-
tion, a C. elegans gonad is shown in the cartoon; Fig. 6A.)
Figure 6B, with gonad and gut isolated from a splayed
worm, reveals that CSN-5 is present throughout the cyto-
plasm in the C. elegans germline and somatic tissues.
Indeed, CSN-5 is cytoplasmic in each cell of the adult worm
and of the embryos contained within the uterus (arrow-
FIG. 4. GST pull-down assays indicate that the GLHs bind KGB-1, CSN-5, and ZXY-1, as well as each other. Insect cells were coinfected
with recombinant baculoviruses containing a GST-tagged fusion protein and a 6-HIS-tagged fusion protein. Both GST and 6-HIS
antibodies were used in (A–C); only 6-HIS antibodies are shown in (D). (A) CSN-5 binds to full-length-GLH-3 and -GLH-1. (Lane 1)
GST-CSN-5 and 6-HIS-eGFP. (Lane 2) GST-CSN-5 and 6-HIS-GLH-3. (Lane 3) GST-CSN-5 and 6-HIS-GLH-1. (B) KGB-1 binds to GLH-1, 2,
3, and 4, but not to their N-terminal regions. GST-KGB-1 was used in pull-down assays with the following 6-HIS-tagged proteins: (lane 1)
6-HIS-GLH-3, (lane 2) 6-HIS-GLH-3 N-terminal, (lane 3) 6-HIS-GLH-1, (lane 4) 6-HIS-GLH-1 C-terminal, (lane 5) 6-HIS-GLH-1 N-terminal,
(lane 6) 6-HIS-GLH-2, (lane 7) 6-HIS-GLH-4 yk169h8 (a truncated GLH-4 from an EST), and (lane 8) 6-HIS-eGFP (enhanced green fluorescent
protein). (C) ZYX-1 binds both GLH-1 and GLH-3. (Lane 1) GST and 6-HIS-ZYX-1. (Lane 2) GST-GLH-1 with 6-HIS-ZYX-1. (Lane 3)
GST-GLH-3 with 6-HIS-ZYX-1. (D) The GLHs self associate and bind one another. 6-HIS antibody was used to detect the 6-HIS-tagged
proteins that bound to the GST-tagged proteins. (Lane 1) GST-GLH-1 and 6-HIS-GLH-1. (Lane 2) GST-GLH-1 and 6-HIS-GLH-3. (Lane 3)
GST-GLH-3 and 6-HIS-eGFP. (Lane 4) GST-GLH-3 and 6-HIS-GLH-1. (Lane 5) GST-GLH-3 and 6-HIS-GLH-3. (Lane 6) GST-GLH-3 and
6-HIS-KGB-1. (Lane 7) GST-GLH-2 and 6-HIS-GLH-2.
FIG. 5. csn-5 RNA is not germline-specific, CSN-5 pulls down
GLH-1 from worm homogenates, and CSN-5 antibodies are spe-
cific. (A) Northern blot analyses using a csn-5 probe. A total of 3 g
Poly(A) RNA/lane was tested from the temperature-sensitive,
germline-defective strain glp-1(q231). Equal loading of RNA was
carried out after assaying with a CeIF probe, as previously reported
(Roussell and Bennett, 1992, 1993). (B) GST pull-down assays
similar to those in Fig. 4 were carried out by using C. elegans worm
homogenates. Lane 1, N2 homogenate equal to 5–10% of the input
worm protein in lanes 2–4; lane 2, uninfected cell lysate; lanes 3–4,
baculoviral-infected lysates; lane 3, GST-alone; lane 4, GST-
CSN-5. All lanes were reacted with GLH-1. GST antibodies
showed GST and GST-CSN-5 were intact (not shown). (C) C.
elegans protein homogenates were loaded in equal amounts on
SDS–PAGE for Western blot analysis. Lane 1, CSN-5 preimmune;
and lane 2, hyper-immune sera. Protein sizes were estimated with
Benchmark prestained markers (GIBCO).
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head). Strikingly, in addition, CSN-5 localizes to most, if
not all, nuclei (Fig. 6B). By confocal microscopy, in matur-
ing oocytes, CSN-5 takes on a distinct subnuclear localiza-
tion, as well as being found throughout the cytoplasm (Fig.
6C). Therefore, CSN-5 shares a location with GLH proteins,
which are both cytoplasmic and perinuclear. However,
CSN-5 certainly is not exclusive to the perinuclear P
granules, nor was it expected to be, based on its presence in
both somatic and germline tissue.
RNAi with csn-5 results in a sterile F1 generation. This
sterility is not temperature-sensitive; it occurs whether the
offspring are raised at 15, 20, or 26°C [98% sterility at 15°C
for 68 individually plated F1s (the one “fertile” F1 had a
single progeny); 94% sterility at 20°C for 250 F1s; and 100%
sterility at 26°C for 75 F1s]. The csn-5(RNAi) worms have
small gonads (compare the size of the gonad in Figs. 7A and
7C) that are defective in oogenesis. These animals consis-
tently lack oocytes and embryos and occasionally produce
sperm (Fig. 7A). The csn-5(RNAi) phenocopy, a block in
oogenesis that occurs before diakinesis, is almost identical
to that produced by RNAi with the combination of glh-1
and glh-4 (for comparison, see Fig. 6A in Kuznicki et al.,
2000). Immunocytochemistry of the tiny gonads of csn-
5(RNAi) animals using several GLH antibodies and an
PGL-1 (another constitutive P granule component; Ka-
wasaki et al., 1998) antibody shows that P granules are
present in the distal gonad, even though mitotic germ cell
nuclei are often severely reduced in number, and that P
granules are missing both medially and proximally, where
oogenesis is blocked and the gonad becomes disorganized
(Figs. 7B and 7D; and data not shown; with Fig. 7C, a
mock-injected, wild-type gonad shown for comparison).
Surprisingly, while expression of csn-5 RNA and protein
is not confined to the germline (Figs. 5A and 6B), sterile
csn-5(RNAi) F1 worms do not appear to have somatic
defects. csn-5(RNAi) worms look healthy and behave nor-
mally. This may be due, in part, to the finding that CSN-5
antibody staining is reduced in the csn-5(RNAi) worms, but
is not entirely absent (data not shown). The perdurance of
CSN-5 is likely to mask earlier developmental defects.
Therefore, we predict that a csn-5 deletion strain, when
isolated, will result in more severe developmental defects
than seen here with csn-5 RNAi. This may also be the case
for the glhs, which we have also assayed by RNAi (Kuznicki
et al., 2000).
KGB-1: A Novel Kinase with a Germline Function
A single clone corresponding to kgb-1 was recovered by
using GLH-3 as bait. KGB-1 encodes a putative serine/
threonine MAP kinase. MAP (mitogen-activated protein)
kinases are a family of serine/threonine kinases at the end
of signaling cascades (Blenis, 1993). MAP kinases fit into
three subfamilies: p38 kinases, JNKs (Jun N-terminal ki-
nases), and ERKs (extracellular signal-related kinases).
Members of these subfamilies are distinguished both by
sequence motifs and substrate recognition. The KGB-1
sequence puts it in the JNK subfamily, with 52% identity
over 350 amino acids with the human JNK3A2 isoform 2.
All 11 kinase domains are conserved between the human
and worm JNK (not shown). There is another potential JNK
in C. elegans, JNK-1, that is involved in coordinating motor
neuron activities (Kawasaki et al., 1999); however, C. el-
egans does not have good matches for JUN transcription
factors. For that reason, we have chosen not to name this
kinase JNK-2 but KGB-1, a kinase that GLHs bind.
Northern analysis using a kgb-1 probe with RNAs from
the temperature-sensitive, germline-defective strains glp-1
and glp-4 showed that the kgb-1 message is not more
abundant at 15°C when the germline is present than at 25°C
when the germline is essentially absent (not shown). These
results imply that kgb-1 RNA is expressed both in somatic
and germline tissue.
To determine the function of kgb-1 in C. elegans, we first
tested full-length kgb-1 dsRNA by RNAi and found that
kgb-1(RNAi) results in modest sterility; 15% of the F1s
from kgb-1(RNAi) injected hermaphrodites were sterile at
26°C (not shown). Considering the possibility that persis-
tent maternal KGB-1 protein might dampen the RNAi
effect, we went on to isolate a kgb-1 deletion strain. In the
kgb-1 mutant strain um3, the deletion covers 1218 bp of
genomic DNA, removing exons 6–9, including the kinase
domain and the majority of the KGB-1 coding sequence (Fig.
2B). Thus, the mutation likely represents a severe loss-of-
function, if not a null strain.
In contrast to RNAi, we found that the kgb-1 deletion
strain is sterile at 26°C; 33 individually plated F2 kgb-
1(um3) worms whose parents had been shifted as L4s from
20 to 26°C had an average of less than one progeny each
(Table 1). By comparison, kgb-1 worms grown at 20°C are
fertile (Table 1). The phenotype of the kgb-1 sterile worm is
quite dramatic; they produce no mature oocytes or fertil-
ized embryos. The somatic tissues, including the somatic
gonad, appear normal. While the mitotic germ cells appear
to proliferate normally (Fig. 8B, with a mitotic figure from
the distal region of a 26°C kgb-1 gonad in the inset), the
worms have very disorganized gonads. In kgb-1 worms
grown at 26°C, oocytes undergo extra rounds of DNA
replication, resulting in an endomitotic, Emo phenotype
(Fig. 8B). Emo oocytes are polyploid and accumulate in the
gonad arm; it was proposed that failure in oocyte matura-
tion stalls the oocytes, causing mitotic cycling (Schedl,
1997). With 26°C kgb-1 adults, multiple endomitotic oo-
cytes, containing aggregates of DAPI-staining material, dis-
tribute throughout the proximal gonad and, as is the case
for csn-5 and glh-1/4(RNAi), no condensed chromosomes,
indicative of diakinesis, are present in the proximal gonad
(Fig. 8B). For comparison, a gonad of the fertile kgb-1 strain
grown at 20°C is shown in Fig. 8A, with germ cell chromo-
somes in diakinesis indicated with an arrow. As 26°C kgb-1
adults age, the polyploid nuclei degenerate, and the gonad
eventually fills with noncellular, non-DAPI staining mate-
rial, and the vulva often protrudes (not shown). Immunocy-
tochemistry of sterile kgb-1 animals using several GLH
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antibodies and an PGL-1 antibody determined that these
P-granule epitopes localize around the germ cell nuclei in
the distal gonad, but P granules are missing from the
meiotic region (Fig. 8D, germ cell nuclei: arrowhead; mei-
otic region: arrow; and data not shown). In kgb-1 L1 worms
shifted to 26°C for only 2 days, the phenotype is somewhat
FIG. 6. CSN-5 is cytoplasmic and also distinctly nuclear. (A) A cartoon of a C. elegans N2 gonad adapted from Navarro et al. (2001) shows
the regions of mitotic and meiotic proliferation. Abbreviations: D, distal; P, proximal; DTC, distal tip cell; U, uterus; E, embryo; S,
spermatheca; O, oocyte; L, loop. (B) Isolated tissues show CSN-5 in the cytoplasm and nuclei of the gonad and the intestinal cells (arrow)
of the N2 adult, as well as in embryos (arrowhead) within the hermaphrodite. All isolated gonads are oriented with the distal tip to the left.
(C) CSN-5 cytoplasmic and nuclear staining (red) in maturing oocytes, DAPI (blue).
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transitional; these worms have polyploid Emo oocytes, but
they also have clusters of pachytene nuclei throughout the
proximal gonad; P granules persist in this disorganized
gonad, surrounding the aberrant pachytene clumps, but not
the polyploid nuclei (Fig. 8G, pachytene clumps: arrow-
head; Emo oocyte: asterisk). At the slightly lower tempera-
ture of 25°C, the phenotype of kgb-1(um3) is not as pen-
etrant; about 40% of the animals are sterile, and even at
15°C, kgb-1 worms are not as fertile as N2 worms (Table 1).
By comparison, the gonads of kgb-1 worms grown at 20°C
have normal P-granule organization (Fig. 8C) and essen-
tially wild-type fertility (Table 1).
While sterile kgb-1 worms produce no functional oocytes
or progeny, as is the case for csn-5 and glh-1/4 RNAi worms,
sperm are produced in kgb-1 L4s, both in hermaphrodites
and in males (data not shown), again similar to the csn-5
and glh-1/4 RNAi phenocopy. We tested whether kgb-1
sperm are functional by mating kgb-1 males raised at 26°C,
to marked dpy-13, unc-24, and unc-42 hermaphrodites. No
non-dpy or non-unc out-cross progeny were produced, indi-
cating that kgb-1 26°C males are sterile. We also attempted
to rescue the oocyte defect by mating kgb-1 26°C hermaph-
rodites to wild-type males. No offspring resulted from these
matings in multiple attempts. Therefore, loss of kgb-1
results in meiotic defects, both in spermatogenesis and
oogenesis.
ZYX-1: A LIM Domain Protein
Five separate clones encoding ZYX-1 were isolated with
GLHs as bait. ZYX-1 is a LIM domain protein (Michelsen
et al., 1993). LIM domains, named for founding mem-
bers LIN-11, ISL-1, and MEC-3, are evolutionarily con-
served double-zinc-finger motifs with a consensus of
(CX2CX16 –24H)X2(CX2CX2CX16 –23C/H/D) that mediate
protein–protein binding; LIM proteins are involved in cell
FIG. 7. csn-5(RNAi) causes sterility. (A) Nuclei in the small gonad of an F1 animal resulting from csn-5(RNAi); DAPI. Gonad size should
be compared with Figs. 7C and 6B. Sperm (arrow). (B) Isolated gonad of a csn-5(RNAi) worm reacted with GLH-1 antibody. Only the distal
gonad shows evidence of P granules (arrow). (C) P-granule organization in a wild-type, mock-injected animal of the same age as that (B) and
(D) (arrow); PGL-1. (D) P granules in the distal csn-5(RNAi) gonad (arrow), but not in the meiotic region (arrowhead); PGL-1.
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identity, differentiation, and growth control. The closest
match for C. elegans ZYX-1, with 42% similarity, is the
human Zyxin protein; that match continues for 606
amino acids. As seen in Fig. 2C, ZYX-1a contains 3 LIM
motifs at the C terminus, a nuclear export signal, and a
proline-rich, N-terminal region, with an alternatively
spliced ZYX-1b protein also predicted. The vertebrate
Zyxin protein is conserved across species (reviewed by
Sanchez-Garcia and Rabbitts, 1993); in vertebrates, Zyxin
localizes to focal adhesions and associates with the actin
cytoskeleton (Crawford et al., 1994). A potential role for
Zyxin with respect to RNA helicases or germ granules
has not been previously described.
Our studies with zyx-1 have not been as productive as
those with csn-5 and kgb-1. By Northern analyses, neither
of the two zyx-1 messages is enriched in the germline (data
not shown). In addition, RNAi with full-length zyx-1a
dsRNA had little or no effect on the F1 generation, with the
modest exception that 9.3% (7/75 F1s) of the zyx-1(RNAi)
worms raised at 25–26°C were sterile [compared with 3.8%
(3/78) sterility in the mock-injected F1s]. A zyx-1 deletion
strain was isolated (Fig. 2C) and mirrors the RNAi result,
with little or no reduction in viability or fertility at 15 or
20°C. In fact, the zyx-1 strain is 12% more fertile at 15°C,
when almost 2000 progeny, from 14 mutant worms, were
compared with wild-type; this increase is slight, but statis-
tically significant, with a P value of 0.01. However, zyx-
1(um4) worms raised at 26°C resulted in an overall 33%
reduction in brood size compared with N2 (again with a P
value of 0.01) and had 3 times the number of sterile worms
than wild-type. These differences, while reproducible, are
rather subtle. The zyx-1 strain has not been rigorously
examined for additional subtle defects.
DISCUSSION
Unanticipated Results of the Two-Hybrid Screen
The GLH family of proteins are P-granule components
essential for fertility (Kuznicki et al., 2000). Evidence that
the GLH proteins play a structural role in P-granule integ-
rity (Schisa et al., 2001) added to the likelihood that
additional proteins associated with the GLHs would be
found. Before this study, the best candidate for a potential
GLH-binding protein was PGL-1; PGL-1 is mislocalized in
glh-1(bn103), a strain with the glh-1 gene disrupted by a
Tc1 insertion (Kawasaki et al., 1998).
Based on the work of others, we also expected to isolate
one or more translation factors. A yeast two-hybrid screen
with the VAS protein identified the Drosophila initiation
factor 2 (dIF2) (Carrera et al., 2000), while a two-hybrid
screen using PGL-1 identified Caenorhabditis IFE-1, an
isoform of eIF4E (Amiri et al., 2001). Although the C.
elegans gene corresponding to cosmid identifier B0547.1 is
similar to the elongation factor eIF3A in the highly con-
served Mov34 region (Fig. 2B), it matches the CSN-5 protein
more closely, with greater than 70% amino acid similarity
over 320 amino acids to human, mouse, and fruit fly CSN-5
homologues. The C. elegans CSN-5 also localizes both to
the nucleus and the cytoplasm as does the Arabidopsis
CSN-5 (Chamovitz et al., 1996). Another predicted C.
elegans protein, D2013.7, is more similar to eIF3A and is
more likely than is CSN-5 to correspond to the C. elegans
homologue of this translation factor. Therefore, while evi-
dence points to a role for the polar granules of flies and the
P granules in worms in translating RNAs, there is no
evidence that the GLHs directly bind the translation ma-
chinery. Instead of finding PGL-1 or translation factors, this
two-hybrid screen yielded three interesting, yet unantici-
pated GLH-interacting proteins.
CSN-5: A Modulator of Several Proteins
in the C. elegans Germline
The C. elegans CSN-5 protein is most likely a component
of the signalosome complex in the worm. The COP9
signalosome complex is made up of nine subunits, at least
three of which have close matches in C. elegans (Wei et al.,
1998). In vertebrates, the purified COP9 signalosome asso-
ciates with kinase activity that can phosphorylate Ib and
TABLE 1
Brood Sizes of kgb-1(um3) vs N2 Worms
Growth
temperature
Total progeny/number
of worms plated
Average
progeny  SD
Comparison to broods of N2
raised at same temperature
P value (kgb-1 vs N2
using Student’s t test)
kgb-1(um3) 15°C 3084/33 93  40 60% 0.001
20°C 4776/30 159  71 93% 0.13
26°Ca 20/33 0.6  2 0.005% 0.001
N2 (wild type) 15°C 5884/38 154  39
20°C 5678/33 172  80
26°Ca 1332/11 132  37
Note. Individual L4 worms from each strain were age-matched and plated; F1 offspring were counted 4–7 days after plating, depending
on temperature.
a L4 animals were shifted to 26°C; the F2 broods of F1 adults were determined.
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c-Jun in vitro (Seeger et al., 1998). The COP9 signalosome
affects multiple cellular processes, one of which is a MAP
kinase pathway (Claret et al., 1996; Spain et al., 1996;
Naumann et al., 1999). Most recently, COP9 has been
shown in plants and in vertebrates to promote protein
degradation through ubiquitin proteolysis, interacting with
ubiquitin ligases (Lyapina et al., 2001; Schwechheimer et
al., 2001). These authors suggest that several of the seem-
ingly disparate functions previously reported for COP9 may
relate to the various substrates being targeted for degrada-
tion. In C. elegans, the role of the COP9 signalosome
complex is unknown. This report establishes that CSN-5 is
essential for fertility in the worm, with csn-5(RNAi) result-
ing in sterile progeny that appear unaffected in their so-
matic tissues.
COP9 subunit 5 and JAB1 are closely related; both have
been found as the result of two-hybrid screens with several
different bait proteins (Tomoda et al., 1999; Bianchi et al.,
2000; Chauchereau et al., 2000; Li et al., 2000; Lyapina et
al., 2001; Schwechheimer et al., 2001). There have even
been suggestions that CSN-5 binds nonspecifically in the
GAL4 system (Nordgard et al., 2001). In part to address that
concern, we produced GST-CSN-5 and were able to success-
fully pull-down GLH-1 from worm homogenates, using
infected GST alone and uninfected cell lysates as negative
controls (Fig. 5B). Therefore, we have confirmed by three
means that CSN-5 binds GLH protein: in worm homoge-
nates, in the two-hybrid assay, and when coexpressed in
baculovirus. Also pertinent to this work, JAB1 binds to
Mouse Vasa Homolog (MVH) in a two-hybrid screen (per-
sonal communication: T. Noce, Mitsubishi-Kasei Institute
of Life Sciences, Japan), indicating that the association of
this protein with germline RNA helicases is not unique to
C. elegans. In C. elegans, CSN-5 was also isolated as
binding to LAG-1, a downstream component of the glp-1
gonadal signaling pathway (Walhout et al., 2000). There-
fore, in the C. elegans gonad, CSN-5 appears to interact
with at least three proteins: LAG-1, GLH-1, and GLH-3.
While we have yet to establish the significance of the
physical interaction of CSN-5 with GLH protein, the find-
ing that the loss of either CSN-5 or GLHs results in
essentially identical germline defects points to an in vivo
functional relationship. Because CSN-5 is part of the con-
served COP9 complex, it will be of interest to determine
whether the GLH proteins interact with the signalosome
complex or with CSN-5 alone, along with investigating the
pathways through which the GLH proteins and CSN-5
intersect.
RNA Helicases and KGB-1: An Unexplored
Signaling Pathway?
The kgb-1(um3) potential null allele has a temperature-
sensitive sterility at 25–26°C characterized by meiotic
defects, including endoreplicating oocytes and nonfunc-
tional sperm (Figs. 8B and 8E; and data not shown), with
clumped pachytene nuclei seen within 2 days after a shift
from permissive to restrictive temperatures (Fig. 8G).
Pachytene arrest and clumped pachytene nuclei have been
reported for several mutations in ERK MAP kinases in the
well-studied RAS signaling pathway; mpk-1 is also impor-
tant in the later events of oocyte activation and ovulation
(Church et al., 1995; Miller et al., 2001; Ohmachi et al.,
2002; Hsu et al., 2002). The Emo phenotype of kgb-1, not
yet described for other kinases, differs in several ways from
that reported for emo-1(oz1) (Iwasaki et al., 1996); even
young adult kgb-1 F2 worms raised at 26°C do not usually
form normal oocytes, and endoreplicating nuclei are found
throughout the meiotic region rather than being confined
most proximally (Fig. 8B). Perhaps significantly, the Emo
phenotype is also seen with the loss of the RNA helicase
DCR-1(Dicer) (Ketting et al., 2001; Knight and Bass, 2001;
Grishok et al., 2001). Because the phenotype of the loss of
kgb-1 differs from that of the loss of glh-1/4 and also
because KGB-1 likely binds the conserved DEAD-box heli-
case region (Fig. 4B), it is possible KGB-1 interacts with
multiple DEAD-box RNA helicases in the germline.
How might KBG-1 interact with the GLH proteins? The
GLH proteins have very weak ATPase activity in in vitro
assays (Smith, 2001). If the germline RNA helicases are at
times active and other times inactive, KGB-1 might control
GLH activation. While we have not tested GLHs for
changes in phosphorylation, VAS shows evidence of post-
translational modification associated with its activation
(Ghabrial and Schu¨pbach, 1999). Alternatively, KGB-1 may
use GLH binding as an anchor to ensure proximity of this
novel kinase to other germline phosphorylation targets.
While the phenotype of the kgb-1 deletion strain, with
normal mitotic progression and gonad size, is less severe
than glh-1/4 or csn-5(RNAi), each of these phenotypes
impinges upon the progression through the early stages of
oogenesis. When vasa is null, it also results in variable
defects in fly oogenesis (Styhler et al., 1998).
ZYX-1: A Known Protein with an Unknown Role
in C. elegans
Based on its relatedness to other Zyxins, ZYX-1 is a likely
component of the nematode cytoskeleton. The association
of vertebrate Zyxin with actin occurs through actin-adaptor
proteins such as alpha-actinin (Crawford et al., 1992; Li and
Trueb, 2001). P granules are dependent on the actin cy-
toskeleton in the one-cell embryo, with localization dis-
rupted by the use of cytochalasin D (Hill and Strome, 1990).
P granules are perinuclear throughout most of germline
development, except when they disperse from around the
nucleus in maturing oocytes (Hird et al., 1996; and Fig. 8C);
therefore, ZYX-1 could provide a structural link to the actin
cytoskeleton, holding P granules in their perinuclear posi-
tions. However, since neither zyx-1(RNAi) nor the isolation
of a zyx-1 deletion strain has provided much information
regarding the role of ZYX-1 in germline or somatic func-
tion, we must assume that if ZYX-1, which is a single-copy
gene in C. elegans, acts as an actin-adaptor protein in C.
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elegans; that role is carried out by other cytoskeletal
proteins as well.
Other P-Granule Components
We have shown in this study that the GLH proteins
associate with each other in GST pull-down assays (Fig.
4D). Therefore, we might ask why the two-hybrid screens
failed to isolate GLHs as binding partners? There could be
several reasons. We know that these screens were not
saturating. It is also known that only about 50% of estab-
lished, interacting protein pairs are positive when tested in
two-hybrid assays (Walhout et al., 2000).
And why weren’t other P-granule components, including
FIG. 8. The kgb-1(um3) strain results in temperature-sensitive sterility. (A) The isolated gonad from a fertile kgb-1 adult raised at 20°C
contains condensed meiotic chromosomes in diakinesis (arrow), oocytes, sperm (arrowhead), and embryos; DAPI staining. (B) Nuclei in a
gonad from a kgb-1 adult raised at 26°C reveals enlarged, endoreplicated nuclei throughout the meiotic region (arrow); DAPI. The inset
enlarges a mitotic figure (anaphase, arrowhead) from a germ cell nucleus in the distal gonad. (A,B) The fixation protocol was from Francis
et al. (1995); unfortunately, this formaldehyde fixation, which is superior for visualizing nuclei and chromosome with DAPI, eliminated
immunolocalization for the PGL-1 and GLH P-granule antibodies, and therefore was not used in conjunction with immunocytochem-
istry (K.L.B., unpublished results). (C) P-granule organization of the gonad in the 20°C kgb-1 worm is like wild-type; GLH-1 surrounds the
nuclei of the developing oocytes (arrow); GLH-1. (D) P granules surround each germ cell nucleus (arrowhead) in the distal 26°C kgb-1
gonad; however, P granules are missing in the proximal gonad where Emo oocytes are found (arrow; see Fig. 8E); GLH-1. (E) DAPI stain
of gonad in (D). (F) DAPI of (C). (G) In this gonad from a kgb-1 adult switched 2 days earlier as an L1 from 20 to 26°C, P granules are
disorganized proximally and do not surround the endoreplicating nuclei (asterisk), although P granules surround clumped pachytene nuclei
(arrowhead); GLH-1. These pachytene clumps are lost in the terminal phenotype (E).
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PGL-1, MEX-1, MEX-3, GLD-1, and PIE-1 (Kawasaki et al.,
1998; Guedes and Priess, 1997; Draper et al., 1996; Jones et
al., 1996; Mello et al., 1996; Tenenhaus et al., 1998), found
by the two-hybrid method? Another likely explanation is
that, although these other proteins are present in P gran-
ules, they do not directly bind the GLHs or at least they do
not bind the regions in the GAL4-GLH fusions used in these
assays. The best candidate among the known P-granule
components for a GLH-binding partner was PGL-1, known
to dissociate from its perinuclear site when GLH-1 is absent
(Kawasaki et al., 1998). However, based on the results
presented here and the lack of a positive result when PGL-1
and GLH-1 were tested in GST pull-down assays (A. Amiri
and S. Strome, personal communication), it seems that this
genetic connection is due to an indirect interaction rather
than a direct physical binding of PGL-1 to the GLH-1
helicase region.
Loss of GLH Binding Partners Causes Sterility
Because neither csn-5 nor kgb-1 are germline-specific by
Northern analysis (Fig. 5A; and data not shown), the steril-
ity phenotypes seen with their loss might be unexpected.
However, we believe finding that loss of these GLH inter-
actors primarily affects germline development is signifi-
cant. Overall, F1 sterility is not a common phenotype.
While 27% of all genes tested by RNAi produce a detectable
effect, the most common of which is embryonic lethality,
only 1% of the C. elegans genes screened result in sterility
(Maeda et al., 2001). The phenotype of csn-5 (RNAi) is
indicative of a germline-enhanced gene. Known germline
genes, such as pgl-1 and glh-1/4, produce F1 sterility with-
out additional somatic defects or developmental lethality
and, perhaps more importantly, the phenotypes associated
with loss in any of these three genes are extremely similar.
By contrast, the kgb-1(um3) deletion appears to affect other
cellular processes in addition to oocyte progression in the
germline. kgb-1 worms raised at high temperatures are less
healthy than wild type; as old adults, they are bloated and
move more slowly (P.A.S. and K.L.B., unpublished results).
In addition to a role in oogenesis, the KGB-1 kinase may
respond to the stress of temperature extremes. The reduc-
tion of brood size at 15°C implies that loss of KGB-1 is also
cold-sensitive. It is possible that an underlying metabolic
process fails in the sterile kgb-1 animals, which in turn
disrupts meiotic progression and the formation of oocytes,
making the loss of kgb-1 an indirect germline effect. How-
ever, we believe that the endomitoic, Emo phenotype is
suggestive of kgb-1 functioning directly in germ cell matu-
ration.
Loss of GLH Interactors Does Not Disrupt GLH
Localization
We have previously established that, even when combi-
nations of GLH proteins are disrupted, the other GLH
proteins localize independently (Kuznicki et al., 2000). We
had hoped to establish genetic connections between the
GLH proteins and these GLH-binding partners, found by
yeast two-hybrid screens and verified by GST pull-down
assays. However, as is the case for the GLHs with each
other, loss of each of these newly described GLH interactors
does not result in changes in GLH localization.
While P granule assembly is not affected by the loss of
these three GLH interactors, P granules are dramatically
disrupted with the elimination of either CSN-5 or KGB-1
(Figs. 7B, 7C, 8D, and 8G). We anticipate that double
mutant strains and future biochemical analyses will eluci-
date the in vivo relationships between these essential
components of nematode germline development.
ACKNOWLEDGMENTS
We thank students Brian Holt, Ann Newman, and Regan Barnes
for their technical assistance. We thank Robert Barstead (Okla-
homa Medical Research Foundation) and Adriana LaVolpe (Inter-
national Institute of Genetics and Biophysics-CNR) for the two-
hybrid libraries. John Cannon (MU) supplied yeast plasmids, strains
and advice; Don Riddle (MU) provided the dpy-13, unc-24, and
unc-42 strains. David Hansen and Tim Schedl (Washington Uni-
versity) helped analyze the kgb-1(um3) phenotype. Susan Strome
(Indiana University) provided PGL-1 antibodies. The C. elegans
Genome Sequencing Consortium contributed sequence, and Yuji
Kohara (National Institute of Genetics, Japan) provided EST
cDNAs. This work was supported by grants from the MU Research
Board and the NSF (IBN#0078169) (to K.B.). A.O. and K.K. were
supported by MU NIH predoctoral training grant funds. E.G-C.,
W-M.L-C., R.M., and L.M. received undergraduate fellowships,
including Howard Hughes Undergraduate, NSF REU, and MU LS
UROP support.
REFERENCES
Amiri, A., Keiper, B. D., Kawasaki, I., Fan, Y., Kohara, Y., Rhoads,
R. E., and Strome, S. (2001). An isoform of eIF4E is a component
of germ granules and is required for spermatogenesis in C.
elegans. Development 128, 3899–3912.
Arrizabalaga, G., and Lehmann, R. (1999). A selective screen
reveals discrete functional domains in Drosophila Nanos. Genet-
ics 153, 1825–1838.
Austin, J. and Kimble, J. (1987). glp-1 is required in the germ line for
regulation of the decision between mitosis and meiosis in C.
elegans. Cell 51, 589–599.
Beanan, M. J., and Strome, S. (1992). Characterization of a germ-line
proliferation mutation in C. elegans. Development 116, 755–766.
Bianchi, E., Denti, S., Granata, A., Bossi, G., Geginat, J., Villa, A.,
Rogge, L., and Pardi, R. (2000). Integrin LFA-1 interacts with the
transcriptional co-activator JAB1 to modulate AP-1 activity.
Nature 404, 617–621.
Blenis, J. (1993). Signal transduction via the MAP kinases: Proceed
at your own RSK. Proc. Natl. Acad. Sci. USA 90, 5889–5892.
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genet-
ics 77, 71–94.
Carrera, P., Johnstone, O., Nakamura, A., Casanova, J., Jackle, H.,
and Lasko, P. (2000). VASA mediates translation through inter-
action with a Drosophila yIF2 homolog. Mol. Cell 5, 181–187.
345Two GLH Interactors Are Each Critical for Meiosis
© 2002 Elsevier Science (USA). All rights reserved.
Chamovitz, D. A., Wei, N., Osterlund, M. T., von Arnim, A. G.,
Staub, J. M., Matsui, M., and Deng, X. W. (1996). The COP9
complex, a novel multisubunit nuclear regulator involved in
light control of a plant developmental switch. Cell 86, 115–121.
Chamovitz, D. A., and Glickman, M. (2002). The COP9 signalo-
some. Curr. Biol. 12, R232.
Chauchereau, A., Georgiakaki, M., Perrin-Wolff, M., Milgrom, E.,
and Loosfelt, H. (2000). JAB1 interacts with both the progester-
one receptor and SRC-1. J. Biol. Chem. 275, 8540–8548.
Church, D. L., Guan, K. L., and Lambie, E. J. (1995). Three genes of
the MAP kinase cascade, mek-2, mpk-1/sur-1 and let-60 ras, are
required for meiotic cell cycle progression in Caenorhabditis
elegans. Development 121, 2525–2535.
Claret, F. X., Hibi, M., Dhut, S., Toda, T., and Karin, M. (1996). A
new group of conserved coactivators that increase the specificity
of AP-1 transcription factors. Nature 383, 453–457.
Crawford, A. W., Michelsen, J. W., and Beckerle, M. C. (1992). An
interaction between zyxin and alpha-actinin. J. Cell Biol. 116,
1381–1393.
Crawford, A. W., Pino, J. D., and Beckerle, M. C. (1994). Biochemi-
cal and molecular characterization of the chicken cysteine-rich
protein, a developmentally regulated LIM-domain protein that is
associated with the actin cytoskeleton. J. Cell Biol. 124, 117–127.
Draper, B. W., Mello, C. C., Bowerman, B., Hardin, J., and Priess,
J. R. (1996). MEX-3 is a KH domain protein that regulates
blastomere identity in early C. elegans embryos. Cell 87, 205–
216.
Elledge, S. J., Mulligan, J. T., Ramer, S. W., Spottswood, M., and
Davis, R. W. (1991). Lambda YES: A multifunctional cDNA
expression vector for the isolation of genes by complementation
of yeast and Escherichia coli mutations. Proc. Natl. Acad. Sci.
USA 88, 1731–1735.
Fields, S., and Song O. (1989). A novel genetic system to detect
protein-protein interactions. Nature 340, 245–246.
Feinberg, A. P., and Vogelstein, B. (1983). A technique for radiola-
beling DNA restriction endonuclease fragments to high specific
activity. Anal. Biochem. 132, 6–13.
Francis, R., Barton, M. K., Kimble, J. and Schedl, T. (1995). gld-1, a
tumor suppressor gene required for oocyte development in Cae-
norhabditis elegans. Genetics 139, 579–606.
Ghabrial, A., and Schu¨pbach, T. (1999). Activation of a meiotic
checkpoint regulates translation of Gurken during Drosophila
oogenesis. Nat. Cell Biol. 1, 354–357.
Grishok, A., Pasquinelli, A. E., Conte, D., Li, H., Parrish, S., Ha, I.,
Baillie, D. L., Fire, A., Ruvkun, G., and Mello, C. C. (2001). Genes
and mechanisms related to RNA interference requlate expression
of the small temporal RNAs that control C. elegans developmen-
tal timing. Cell 106, 23–34.
Gruidl, M. E., Smith, P. A., Kuznicki, K. A., McCrone, J. S.,
Kirchner, J., Roussell, D. L., Strome, S., and Bennett, K. L. (1996).
Multiple potential germ-line helicases are components of the
germ-line-specific P granules of Caenorhabditis elegans. Proc.
Natl. Acad. Sci. USA 93, 13837–13842.
Guedes, S., and Priess, J. R. (1997). The C. elegans MEX-1 protein is
present in germline blastomeres and is a P granule component.
Development 124, 731–739.
Hay, B., Jan, L. Y., and Jan, Y. N. (1988). A protein component of
Drosophila polar granules is encoded by vasa and has extensive
sequence similarity to ATP-dependent heliceses. Cell 55, 577–
587.
Hill, D. P., and Strome, S. (1990). Brief cytochalasin-induced
disruption of microfilaments during a critical interval in 1-cell C.
elegans embryos alters the partitioning of developmental in-
structions to the 2-cell embryo. Development 108, 159–172.
Hird, S. N., Paulsen, J. E., and Strome, S. (1996). Segregation of germ
granules in living Caenorhabditis elegans embryos: Cell-type-
specific mechanisms for cytoplasmic localisation. Development
122, 1303–1312.
Hird, S. N., and White, J. G. (1993). Cortical and cytoplasmic flow
polarity in early embryonic cells of Caenorhabditis elegans.
J. Cell Biol. 121, 1343–1355.
Hsu, V., Zobel, C. L., Lambie, E. J., Schedl, T., and Kornfeld, K.
(2002). Caenorhabditis elegans lin-45 raf is essential for larval
viability, fertility and the induction of vulval cell fates. Genetics
160, 481–492.
Iwasaki, K., McCarter, J., Francis, R., and Schedl, T. (1996). emo-1,
a Caenorhabditis elegans Sec61p homologue, is required for
oocyte development and ovulation. J. Cell Biol. 134, 699–714.
Jones, A. R., Francis, R., and Schedl, T. (1996). GLD-1, a cytoplas-
mic protein essential for oocyte differentiation, shows stage- and
sex-specific expression during Caenorhabditis elegans germline
development. Dev. Biol. 180, 165–183.
Koga, M., Zwaal, R., Guan, K-L, Avery, L., and Ohshima Y. (2000).
A Caeorhabditis elegans MAP kinase kinase, MEK-1, is involved
in stress responses. EMBO J. 19, 5148–5156.
Kawasaki, I., Shim, Y. H., Kirchner, J., Kaminker, J., Wood, W. B.,
and Strome, S. (1998). PGL-1, a predicted RNA-binding compo-
nent of germ granules, is essential for fertility in C. elegans. Cell
94, 635–645.
Kawasaki, M., Hisamoto, N., Iino, Y., Yamamoto, M., Ninomiya-
Tsuji, J., and Matsumoto, K. (1999). A Caenorhabditis elegans
JNK signal transduction pathway regulates coordinated move-
ment via type-D GABAergic motor neurons. EMBO J. 18, 3604–
3615.
Ketting, R. F., Fischer, S. E., Bernstein, E., Sijen, T., Hannon, G. J.,
and Plasterk, R. H. (2001). Dicer functions in RNA interference
and in synthesis of small RNA involved in developmental timing
in C. elegans. Genes Dev. 15, 2654–2659.
Kim, S. K., Lund, J., Kiraly, M., Duke, K., Jiang, M., Stuart, J. M.,
Eizinger, A., Wylie, B. N., and Davidson, G. S. (2001). A gene
expression map for Caenorhabditis elegans. Science 293, 2087–
2092.
Knight, S. W., and Bass, B. L. (2001). A role for the RNase III enzyme
DCR-1 in RNA interference and germ line development in
Caenorhabditis elegans. Science 293, 2269–2271.
Kuznicki, K. A., Smith, P. A., Leung-Chiu, W. M., Estevez, A. O.,
Scott, H. C., and Bennett, K. L. (2000). Combinatorial RNA
interference indicates GLH-4 can compensate for GLH-1: These
two P granule components are critical for fertility in C. elegans.
Development 127, 2907–2916.
Lasko, P. F., and Ashburner, M. (1988). The product of the Dro-
sophila gene vasa is very similar to eukaryotic initiation factor-
4A. Nature 335, 611–617.
Li, B., and Trueb, B. (2001). Analysis of the alpha-actinin/zyxin
interaction. J. Biol. Chem. 276, 33328–33335.
Li, S., Liu, X., and Ascoli, M. (2000). p38JAB1 binds to the
intracellular precursor of the lutropin/choriogonadotropin recep-
tor and promotes its degradation. J. Biol. Chem. 275, 13386–
13393.
Lyapina, S., Cope, G., Shevchenko, A., Serino, G., Tsuge, T., Zhou,
C., Wolf, D. A., Wei, N., and Deshaies, R. J. (2001). Promotion of
NEDD-CUL1 conjugate cleavage by COP9 signalosome. Science
292, 1382–1385.
346 Smith et al.
© 2002 Elsevier Science (USA). All rights reserved.
Maeda, I., Kohara, Y., Yamamoto, M., and Sugimoto, A. (2001).
Large-scale analysis of gene function in Caenorhabditis elegans
by high-throughput RNAi. Curr. Biol. 11, 171–176.
Mello C. C., Schubert, C., Draper, B., Zhang, W., Lobel, R., and
Priess, J. R. (1996). The PIE-1 protein and germline specification
in C. elegans embryos. Nature 382, 710–712.
Michelsen, J. W., Schmeichel, K. L., Beckerle, M. C., and Winge,
D. R. (1993). The LIM motif defines a specific zinc-binding
protein domain. Proc. Natl. Acad. Sci. USA 90, 4404–4408.
Miller, J. H. (1972). -Galactosidase assay. In “Experiments in
Molecular Genetics,” pp. 352–355. Cold Spring Harbor Labora-
tory Press, Cold Spring Harbor, NY.
Miller, M. A., Nguyen, V. Z., Lee, M-H., Kosinski, M., Schedl, T.,
Caprioli, R. M., and Greenstein, D. (2001). A sperm cytoskeletal
protein that signals oocyte meiotic maturation and ovulation.
Science 291, 2144–2147.
Naumann, M., Bech-Otschir, D., Huang, X., Ferrell, K., and Dubiel,
W. (1999). COP9 signalosome-directed c-Jun activation/
stabilization is independent of JNK. J. Biol. Chem. 274, 35297–
35300.
Navarro, R. E., Shim, E. Y., Kohara, Y., Singson, A., and Blackwell,
T. K. (2001). cgh-1, a conserved predicted RNA helicase required
for gametogenesis and protection from physiological germline
apoptosis in C. elegans. Development 128, 3221–3232.
Nordgard, O., Dahle, O. O., Andersen, T. T., and Gabrielsen, O. S.
(2001). JAB1/CSN5 interacts with the GAL4 DNA binding do-
main: A note of caution about two-hybrid interactions. Bio-
chimie 83, 969–971.
Ohmachi, M., Rocheleau, C. E., Church, D., Lambie, E., Schedl, T.,
and Sundaram, M. V. (2002). C. elegans ksr-1and ksr-2 have both
unique and redundant functions and are required for MPK-1 ERK
phosphorylation. Curr. Biol. 12, 427–433.
Ramaswamy, N. T., Dalley, B. K., and Cannon, J. F. (1998). Analysis
of protein interactions between protein phosphatase 1 and non-
catalytic subunits using the yeast two-hybrid assay. In “Protein
Phosphatase Protocols” (J. W. Ludlow, Ed.), pp. 251–261. Hu-
mana Press, Totowa, NJ.
Reinke, V., Smith, H. E., Nance, J., Wang, J., Van Doren, C., Begley,
R., Jones, S. J., Davis, E. B., Scherer, S., Ward, S., and Kim, S. K.
(2000). A global profile of germline gene expression in C. elegans.
Mol. Cell 6, 605–616.
Roussell, D. L., and Bennett, K. L. (1992). Caenorhabditis cDNA
encodes an eIF-4A-like gene. Nucleic Acids Res. 20, 3783.
Roussell, D. L., and Bennett, K. L. (1993). glh-1, a germ-line
putative RNA helicase from Caenorhabditis, has four zinc
fingers. Proc. Natl. Acad. Sci. USA 90, 9300–9304.
Sanchez-Garcia, I., and Rabbitts, T. H. (1993). LIM domain proteins
in leukaemia and development. Semin. Cancer Biol. 4, 349–358.
Schedl, T. (1997). Germ-line development. In “C. elegans II” (D.
Riddle, T. Blumenthal, B. Meyer, and J. Priess, Eds.), pp. 241–269.
Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY.
Schisa, J. A., Pitt, J. N., and Priess, J. R. (2001). Analysis of RNA
associated with P granules in germ cells of C. elegans adults.
Development 128, 1287–1298.
Schwechheimer, C., Serino, G., Callis, J., Crosby, W. L., Lyapina, S.,
Deshaies, R. J., Gray, W. M., Estelle, M., and Deng, X. W. (2001).
Interactions of the COP9 signalosome with the E3 ubiquitin
ligase SCFTIRI in mediating auxin response. Science 292, 1379–
1382.
Seeger, M., Kraft, R., Ferrell, K., Bech-Otschir, D., Dumdey, R.,
Schade, R., Gordon, C., Naumann, M., and Dubiel, W. (1998). A
novel protein complex involved in signal transduction possessing
similarities to 26S proteasome subunits. FASEB J. 12, 469–478.
Seydoux, G., and Schedl, T. (2001). The germline in C. elegans:
Origins, proliferation, and silencing. Int. Rev. Cytol. 203, 139–
185.
Smith, P. A. (2001). Ph. D. dissertation. Dept. of Molecular Micro-
biology and Immunology, University of Missouri, Columbia.
South, T. L., and Summers, M. F. (1993). Zinc- and sequence-
dependent binding to nucleic acids by the N-terminal zinc finger
of the HIV-1 nucleocapsid protein: NMR structure of the com-
plex with the Psi-site analog, dACGCC. Protein Sci. 2, 3–19.
Spain, B. H., Bowdish, K. S., Pacal, A. R., Staub, S. F., Koo, D.,
Chang, C. Y., Xie, W., and Colicelli, J. (1996). Two human
cDNAs, including a homolog of Arabidopsis FUS6 (COP11),
suppress G-protein- and mitogen-activated protein kinase-
mediated signal transduction in yeast and mammalian cells. Mol.
Cell Biol. 16, 6698–6706.
Strome, S., and Wood, W. B. (1982). Immunofluorescence visual-
ization of germ-line-specific cytoplasmic granules in embryos,
larvae, and adults of Caenorhabditis elegans. Proc. Natl. Acad.
Sci. USA 79, 1558–1562.
Strome, S., and Wood, W. B. (1983). Generation of asymmetry and
segregation of germ-line granules in early C. elegans embryos.
Cell 35, 15–25.
Styhler, S., Nakamura, A. Swan, A, Suter, B., and Lasko, P. (1998).
vasa is required for GURKEN accumulation in the oocyte, and is
involved in oocyte differentiation and germline cyst develop-
ment. Development 125, 1569–1578.
Tenenhaus, C., Schubert, C., and Seydoux, G. (1998). Genetic
requirements for PIE-1 localization and inhibition of gene expres-
sion in the embryonic germ lineage of Caenorhabditis elegans.
Dev. Biol. 200, 212–224.
Tomoda, K., Kubota, Y., and Kato, J. (1999). Degradation of the
cyclin-dependent-kinase inhibitor p27Kip1 is instigated by Jab1
[see comments]. Nature 398, 160–165.
Walhout, A. J., Sordella, R., Lu, X., Hartley, J. L., Temple, G. F.,
Brasch, M. A., Thierry-Mieg, N., and Vidal, M. (2000). Protein
interaction mapping in C. elegans using proteins involved in
vulval development. Science 287, 116–122.
Wei, N., and Deng, X. W. (1999). Making sense of the COP9
signalosome. A regulatory protein complex conserved from Ara-
bidopsis to human. Trends Genet. 15, 98–103.
Wei, N., Tsuge, T., Serino, G., Dohmae, N., Takio, K., Matsui, M.,
and Deng, X. W. (1998). The COP9 complex is conserved between
plants and mammals and is related to the 26S proteasome
regulatory complex. Curr. Biol. 8, 919–922.
Yandell, M. D., Edgar, L. G., and Wood, W. B. (1994). Trimethyl-
psoralen induces small deletion mutations in Caenorhabditis
elegans. Proc. Natl. Acad. Sci. USA 91, 1381–1385.
Received for publication June 12, 2002
Revised August 29, 2002
Accepted August 29, 2002
Published online October 15, 2002
347Two GLH Interactors Are Each Critical for Meiosis
© 2002 Elsevier Science (USA). All rights reserved.
